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Introduction
Tooth cracks have become the third largest cause of tooth loss after dental caries and periodontal disease [1] . Early enamel cracks have no obvious symptoms, and patients often fail to see a dentist. Most patients with cracks who do see a dentist do so whilst suffering because of pulpitis and periapical periodontitis, or even root fracture [2] . This creates a great challenge for designing an appropriate treatment plan and assessing the long-term prognosis for cracked teeth [3] . Kim [4] studied 72 cracked teeth, and different treatment plans were undertaken based on their differing clinical symptoms. Tooth cracks exhibit these different clinical symptoms as a function of depth; when the crack is only in the enamel or superficial dentin, the teeth may be asymptomatic, or exhibit only dentin hypersensitivity to cold, sweet, and sour stimuli. If there is dental pulpitis or periapical periodontitis, however, the crack may have reached to the deep dentin layers or invaded the pulp cavity. Michaelson [5] reported 3 cases of cracked teeth. In early treatment, the crack was visible, but was not assessed for its range or depth. Additionally, no measures were taken to interfere with crack development. Though the depth of the crack in these cases was within the clinical treatment limit, a good therapeutic effect was still achieved. Nonetheless, early diagnosis and treatment can save the vital pulp of a cracked tooth where positive outcomes would otherwise be difficult [6, 7] .
Therefore, early intervention for cracked teeth is more likely to produce a better long-term prognosis, which can obviate the need to repair cracks after root canal therapy, as mentioned in the above literature; it can also avoid tooth pain, or the need for tooth extraction after installation of a crown prosthesis. However, if cracked teeth have advanced to developing pulpitis or periapical periodontitis, the prognosis is poorer than if early intervention therapy is pursued. The current consensus amongst researchers is that the early diagnosis of a cracked tooth is the key factor in determining whether the treatment plan is successful and prognosis is positive [8] . As diagnosis and treatment require precise information regarding the location and depth of the crack, it is a long-term problem for endodontists to obtain this information.
There are many methods for the diagnosis of cracked teeth. When the crack extends to the mesial and/or distal marginal ridges, it can be easily diagnosed through macroscopic observation, iodine staining, transillumination methods, microscope observation, and other methods in combination with clinical manifestations. In clinical settings, however, the commonly used technique of Periapical Radiography (PR) cannot diagnose tooth cracks, especially when the crack is extending mesial to distal, or the crack is parallel to the tooth length axis, or less than a certain angle [9] . Reports on the auxiliary diagnosis of vertical and cross root fracture indicate that Cone Beam Computed Tomography (CBCT) can clearly show crack depth, scope, and contours [10] [11] [12] [13] . Nonetheless, there are no reports on the diagnosis of cracked teeth with CBCT [8, [14] [15] [16] .
In view of the above, most clinical endodontists think that CBCT cannot be used for the auxiliary diagnosis of a cracked tooth. In this study, a simulated artificial tooth-crack model was created to examine whether crack depth affected the ability of PR and CBCT to diagnose tooth cracks. This may provide certain theoretical bases for early treatment plans, and the evaluation of long-term prognosis.
Materials and Methods

Objectives
We collected 60 intact teeth extracted with minimally invasive extraction due to periodontic or orthodontic reasons at the Stomatological Hospital of Tianjin Medical University. The inclusion criteria were no visual evidence of external cracks, craze lines, or fracture with the naked eye following extraction. The exclusion criteria were the presence of dental caries, root absorption, severe abrasion, wedge-shaped defects, and horizontal or vertical root fractures. The patients were informed and signed an informed consent document for clinical research. This research was approved by the ethics committee of the Stomatological Hospital of Tianjin Medical University (TMUSHhMEC2014070).
Establishment of an in vitro artificial simulation cracked tooth model
All 60 freshly extracted teeth were placed in a 1% sodium hypochlorite solution for 24 h for the removal of soft tissue and calculus. They were then soaked in 0.9% saline solution no more than one month prior to use. Before establishing an in vitro artificial cracked tooth model, the 60 extracted teeth were screened again and determined to have no cracks, craze lines, or fracture with a surgical operating microscope (S7/OPMI PROergo; Carl Zeiss, Oberkochen, Germany) under 17× magnification. Thereafter, they were soaked in 100˚C hot water for 10 min, and were then quickly transferred into liquid nitrogen (-130˚C) for 1 min. Among the 60 teeth, 44 were selected as having positive surface cracks using the same microscope under the same magnification; the remaining 16 teeth without a crack were excluded.
Image acquisition and estimation of PR and CBCT
All 44 cracked teeth were randomly embedded in four trays, which were identical in size and filled with wax to represent periodontal tissue. Then, PR (Sirona, Germany) and CBCT (Kavo 3D exam, Germany) readings were taken. The parameters of the PR were 70 kV, 70 mA, 0.07 s, with the angle for the pitch tube perpendicular to the tooth length axis and film, and the film parallel to the tooth length axis. The parameters of the CBCT were 120 kV, 5 mA, the matrix size was 640 × 640, Field-of-View = 16 × 13 cm, and the pixel size was 0.25 mm × 0.25 mm.
Three observers, an endodontic graduate student, an experienced endodontist, and an experienced radiologist examined the PR and CBCT results independently, and the presence or absence of cracks with PR and CBCT were recorded respectively. The positive and negative results of each observer were separated into 3 groups: neither CBCT nor PR could detect the crack in group A (Fig 1) , only CBCT could detect the crack in group B (Fig 2) , and both CBCT and PR could detect the crack in group C (Fig 3) .
In order to ensure the quality of the radiograph, all the processes were completed by one operator. Image data acquisition was completed and the results stored in a database. CBCT images were analyzed in the Vision Q (KaVo eXam Vision) software package.
Micro-CT analysis
To evaluate the accurate crack depth of all 44 teeth, micro-CT was undertaken using a Skyscan1174 compact Micro-CT system (Skyscan 1174 v2, SkyScan N.V., Kontich Germany). Images were scanned at a resolution of 13 μm, tube voltage of 50 kv, tube current of 800 μA and exposure time of 1700 ms in each of the 360 rotational steps. The images consisted of hundreds of slices with a voxel size of 26 μm in all three axes. Two-dimensional images were used to generate 3D reconstructions using the visualization software NRecon (http://brukermicroct.com/products/1174.htm).
The measurement of the crack depth is shown in a schematic diagram (Fig 4) . Each scanned image of the sample was analyzed by NRecon in the y direction (scan l was perpendicular to the tooth's long axis) and were denominated in sequence. Taking the root apex as the starting point (O point), every image of each tooth was denominated in turn (a, b, c, d, e, f, g) according to the distance to the O point in the y-axis. For instance, the first scanned image of the crack was noted as "a" while the last one was noted as "f", then the exact length of the crack was obtained using "f-a". If the direction of the crack was not parallel to the tooth's long axis, the length of the crack was measured directly on the image by the measuring instrument of NRecon. consistency between the results of the PR and CBCT diagnosis by the three observers, as well as the sensitivity of the PR and CBCT diagnosis. The diagnostic value of PR and CBCT results across three observers for detecting the cracks depth in teeth was analyzed using receiver operating characteristic curves (ROCs). The level for statistical significance was set at P < 0.05.
Results
The results of CBCT showed that the external consistency ICC with 95% confidence interval (95% CI) of different observers (an endodontic graduate, an endodontist, and a radiologist) was 0.76 (0.64-0.85). The results of PR showed that the external consistency ICC (95% CI) was 0.60 (0.44-0.74). (Table 1 ).
In the group of results read by the graduate student, the sensitivity (95% CI) of diagnosis with CBCT and PR were 77.2% (64.8~89.6) and 9.10% (0.6~17.6), respectively. In the group of results read by the endodontist, the sensitivity (95% CI) of diagnosis with CBCT was 81.8% (70.4~93.2) and 11.3% (1.9~20.7) with PR. In the group of results read by the radiologist, the sensitivity (95% CI) of diagnosis with CBCT and PR were 88.6% (79.2~98.0) and 11.3% (1.92 0.7), respectively. The results of the CBCT and PR were not consistent in diagnosing cracks by the graduate student, endodontist and radiologist. The McNemar test revelaed that this difference was statistically significance (P < 0.001) ( Table 2) .
The diagnostic value of the PR and CBCT results across the three observers for detecting the depth of cracks in teeth was analyzed using ROC curves ( Table 3 and Table 4 ).
Discussion
In clinical practice, it is a huge challenge for endodontists to know the depth of a crack in a cracked tooth. Only by confirming the range of the crack, the depth of invasion, the distance to the pulp chamber, and that to the root canal, can an appropriate treatment plan be drawn up, and a long-time prognosis evaluated. Being able to do so may thus improve dentist-patient communication and reduce poor prognoses in cracked teeth. Ultimately, it may obviate the embarrassment of tooth extraction. The primary idea of the design of this research was firstly based on the different coefficient of thermal expansion of enamel and dentin. Secondly, in the 1970s, Brown proved that enamel will crack when subjected to thousands of rounds of thermal-cycling through 0-50˚C [17] . Thirdly, when patients have thermal-cycling eating habits over a long period, cracks may occur in teeth [18] , this may be particularly relevant to the eating habits of some Chinese individuals. Therefore, the artificial cracked tooth model was established by immersion in 100˚C hot water for 10 min, and then the teeth were quickly transferred into liquid nitrogen (-130˚C) for 1 min.
Our results indicate that the sensitivity of diagnosis of cracked teeth in an artificial simulation models with CBCT (77.2%, 81.8%, and 88.6%) was significantly higher than with PR (9.10%, 11.3%, and 11.3%). CBCT was able to detect cracks in the coronal, horizontal, and sagittal plane, but still missed 20-30% of the cracks present in this study. The possible reasons may be: ① crack width. Senem [19] compared the diagnosis of Vertical Root Fractures with three different widths between CBCT and root X-ray photographs. This research showed that the width of the crack could influence the diagnosis of CBCT. ② The difference of CBCT vision and brands. CBCT vision directly affects the voxel size [10] , contrast, and resolution. The lower the visual field, the greater the contrast and resolution, and the higher the definition of the picture [20] [21] [22] . Hassan [11] et al. concluded that different brands of CBCT may affect the quality of images. The CBCT apparatus in this study was from the German KaVo Company, with a voxel size of 0.25 mm. The smaller the field of view, the higher the image resolution, but the potential for increases in noise is higher as well. Thus, only increasing the dose of CBCT is feasible if images of high resolution are sought. However, this must comply with the principle of using the lowest radiation dose to obtain satisfactory images (as low as reasonably achievable, ALAR) [23] . Therefore, such a dose increase is infeasible in clinical practice.
Based on our study, the depth of the crack has a strong influence on the diagnosis of a cracked tooth, not only with CBCT, but also with PR. For CBCT diagnosis, the cutoff value for the graduate, endodontist, and radiologist was 3.20 mm, 2.06 mm, and 1.24 mm, respectively. For PR diagnosis, the cutoff value for the graduate, endodontist, and radiologist was 6.12 mm, 6.94 mm, and 6.94 mm, respectively. Therefore, the cutoff value for the endodontist to diagnose with CBCT was 2.06 mm, and the cutoff value for the radiologist was 1.24 mm, while for the endodontic graduate student, it was 3.20 mm. On the principle of early diagnosis, it would be better that radiologists diagnose cracked teeth with CBCT, as they can detect a minimum depth of 1.24 mm. The ROC curves in our results require some further explanation. Generally speaking, when micro-CT cannot detect a crack, neither can CBCT or PR. We did not include the teeth without any cracks at the beginning of this study, and thus could not make any ROC curve using data from micro-CT. Only data from CBCT and PR could make respective ROC curves.
Moreover, the experience of different observers could be one of the factors that can influence the diagnosis of tooth cracks. For the graduate student, the sensitivity of diagnosis with CBCT was 77.2%, but with PR it was 9.10%. For the endodontist, the sensitivity of diagnosis with CBCT was 81.8%, but 11.3% with PR. For the radiologist, the sensitivity of diagnosis with CBCT was 88.6%, and with PR it was 11.3%. Therefore, when the three observers, that is, an inexperienced endodontic graduate student, an experienced endodontist, and a certified radiologist were challenged with subtle cracks, only radiologists had the penetrating insight required in detecting medically abnormal images; therefore, we recommend that it will be better if cracked teeth are diagnosed by radiologists, especially for facilitating early diagnosis. Endodontic graduate students and endodontists should also be trained in diagnostic oral radiology, especially to their reading of PR and CBCT images with cracks.
Last but not least, the measurement could be another factor that can influence the diagnosis of tooth cracks. The results of CBCT showed that the external consistency ICC of the three observers was 0.76. For PR results the external consistency ICC was 0.60, indicating that CBCT diagnostic consistency was high, and PR diagnostic consistency was moderate among the three individuals. Compared with CBCT diagnosis, PR may have a higher false negative rate, since the ICC was lower. Therefore, it is recommended that cracked teeth are diagnosed using CBCT, especially for early diagnosis.
Generally speaking, the area under the curve (AUC) can be very close to 1.0, and the closer the better, but cannot actually be 1.0 itself. In our results in Table 3 , the AUCs for the endodontist and radiologist were very close to 1.0. This was because nearly all cracks were detected by the endodontist and radiologist with CBCT, and the sensitivity was close 1.00, which means the endodontist and radiologist had a high diagnostic accuracy for crack diagnosis with CBCT.
There were a few limitations in our study. Firstly, this study was conducted on an artificial simulation models of cracked teeth. The samples were processed in vitro, and there were no alveolar bones, periodontal membranes, dental pulp tissue, or adjacent teeth. Regardless of these factors, the quality of CBCT and PR images may be higher than those obtained in actual clinical conditions. In addition, the pixel size with CBCT was 0.25 mm × 0.25 mm. Secondly, this research is a preliminary study with a relatively small sample size of 44 teeth. Thirdly, it lacks validation with clinical data. Researchers need to design more in vitro and clinical trials investigating cracked teeth, as well as develop more valuable instruments and equipment for diagnosis. Further studies will be required to confirm the findings of the present study. 
Supporting Information
S1
